Rewards have been shown to improve behavior and cognitive processes implicated in ADHD, but the information processing mechanisms by which these improvements occur remain unclear. We examined the effect of performance-based rewards on ERPs related to processing of the primary task stimuli, errors, and feedback in children with ADHD and typically developing controls. Participants completed a flanker task containing blocks with and without performance-based rewards. Children with ADHD showed reduced amplitude of ERPs associated with processing of the flanker stimuli (P3) and errors (ERN, Pe), but did not differ in feedback-processing (FRN). Rewards enhanced flanker-related P3 amplitude similarly across groups and error-related Pe amplitude differentially for children with ADHD. These findings suggest that rewards may improve cognitive deficits in children with ADHD through enhanced processing of relevant stimuli and increased error evaluation.
propose that altered activity of the phasic dopaminergic response result in altered reinforcement sensitivity in ADHD. Furthermore, the use of contingency management (i.e., reward and response cost) to modify behavior is an important component of evidence-based treatments for ADHD (American Academy of Pediatrics, 2001; Pelham & Fabiano, 2008) . Reward also improves the performance of children with ADHD on a variety of cognitive tasks (see reviews by Luman, Oosterlaan, & Sergeant, 2005; Luman et al., 2010; e.g., Shiels et al., 2008; Strand et al., 2012) . Improving our understanding of the impact of reward on cognitive deficits in children with ADHD has important theoretical and clinical implications, particularly for those individuals with clinically significant hyperactive/impulsive symptoms, as is the focus of the current study.
A comprehensive understanding the mechanisms by which reward improves the performance of children with ADHD is gained through the analysis of behavior (e.g., accuracy and reaction time) as well as the neural correlates of information processing reflected in event-related potentials (ERPs). This includes examination of ERPs associated with processing of the primary task stimuli as well as responses to errors and feedback thought to reflect performance monitoring. Relevant stimulus processing ERP components include a frontal N2 component occurring approximately 200-300 ms post-stimulus onset, associated with conflict monitoring (Donkers & van Boxtel, 2004) , and a parietal P3 component occurring approximately 300-600 ms post-stimulus, associated with stimulus evaluation/categorization (Polich, 2007; Ridderinkhof & Vandermolen, 1995) . ERPs associated with error-processing include the error-related negativity (ERN or Ne; Falkenstein, Hohnsbein, Hoormann, & Blanke, 1991; Gehring, Goss, Coles, Meyer, & Donchin, 1993) , a response-locked ERP that occurs approximately 0-100 ms post-response onset associated with early error detection (Holroyd & Coles, 2002) , and the error positivity (Pe; Falkenstein, Hoormann, Christ, & Hohnsbein, 2000) , a positive deflection that frequently follows the ERN (250-500 ms post-response) associated with conscious error recognition/evaluation (see review by Overbeek, Nieuwenhuis, & Ridderinkhof, 2005) . In addition, the feedback-related negativity (FRN), a negative deflection in the ERP that occurs approximately 250-500 ms post-feedback onset (Miltner, Braun, & Coles, 1997) , is also related to performance monitoring. Understanding where reward is having an influence on performance involves simultaneous examination of ERPs associated with processing of the primary task stimuli and performance monitoring within a single task.
Establishing that children with ADHD display deficient processing of the primary task stimuli, errors and feedback is an important first step when considering the impact of reward on performance. Children with ADHD typically display greater difficulty processing stimuli when conflicting distractors are present (e.g., incongruent compared to congruent stimuli), as reflected in their behavioral (e.g., Crone, Jennings, & van der Molen, 2003) and neurophysiological responses (e.g., Johnstone, Barry, & Clarke, 2012; Johnstone, Barry, Markovska, Dimoska, & Clarke, 2009; Jonkman et al., 1999) . In contrast, the rapidly emerging body of research examining neurophysiological indices of error-processing (ERN and Pe) among children with ADHD has produced equivocal results as demonstrated in a recent review and meta-analysis (Geburek, Rist, Gediga, Stroux, & Pedersen, 2012) . Studies examining ERN amplitude in children with ADHD report diminished (e.g., Senderecka, Grabowska, Szewczyk, Gerc, & Chmylak, 2012) , equivalent (e.g., Groom, Cahill, et al., 2010; Shen, Tsai, & Duann, 2011) , and increased ERN amplitude in ADHD (Burgio-Murphy et al., 2007) . As discussed in our review , the inconsistent results regarding ERN amplitude in ADHD may be due to a number of methodological issues, including: small sample sizes with modest statistical power, variation in task difficulty and duration, wide age ranges contributing to withingroup variability, and failure to consider or exclude comorbid internalizing psychopathology, which is generally associated with increased ERN (Meyer, Weinberg, Klein, & Hajcak, 2012; Olvet & Hajcak, 2008) . Indeed, ERN amplitude was reduced among children with ADHD in studies that had a large sample size (n=68; Albrecht et al., 2008) , excluded participants with internalizing psychopathology (Liotti, Pliszka, Perez, Kothmann, & Woldorff, 2005; Senderecka et al., 2012) , or used a relatively long task duration (Groen et al., 2008; van Meel, Heslenfeld, Oosterlaan, & Sergeant, 2007) . The results appear more consistent for Pe, with the majority of studies reporting diminished Pe among children with ADHD (e.g., Senderecka et al., 2012; Shen et al., 2011) , and only two studies reporting equivalent Pe amplitude in ADHD and control children (Albrecht et al., 2008; Burgio-Murphy et al., 2007) .
Studies that have examined the FRN as an index of feedback-processing in children with ADHD have also produced inconsistent results. However, these studies have employed a very different set of tasks compared with standard measures of attention or inhibition, such as a traditional flanker or Go/No-Go task. Instead, probabilistic or maze-learning tasks have been used, in which feedback was provided in response to a guess rather than a task in which the accuracy of the child's response to the primary task stimuli is evaluated and feedback depends on the accuracy of their response. This is a crucial distinction as responses to feedback may differ depending on whether the task allows the participant to form an expectation regarding the type of feedback that will be presented (Bismark, Hajcak, Whitworth, & Allen, 2013) . For example, the explicit stimulus-response mappings provided during a flanker task (i.e., press right if central arrow points right) allows participants to perfectly predict the feedback they will receive if they are monitoring the accuracy of their response. However, during a probabilistic or maze-learning task, participants are unable to determine the accuracy of their response until they learn the associations and are therefore more dependent on feedback for performance monitoring. For the three studies that have examined FRN amplitude during a probabilistic or maze-learning task in children with ADHD, one study did not find evidence of a typical FRN in children with or without ADHD (Groen et al., 2008) , another reported a larger FRN in children with ADHD (van Meel, Oosterlaan, Heslenfeld, & Sergeant, 2005) , and the third study reported that the response to negative feedback in children with ADHD was influenced by reward salience (Holroyd, Baker, Kerns, & Muller, 2008) . In addition, van Meel and colleagues (2011) found that the FRN was absent in children with ADHD during a time estimation task, adding to the inconsistent FRN results. The current study is the first to examine ERP responses to feedback during a traditional flanker task, allowing for consideration of processing of the primary task stimuli measuring attentional processes, as well as errors and feedback, associated with performance monitoring, in a single paradigm.
The available literature examining impact of reward on the ERPs associated with the various information processing stages, particularly stimulus-and error-processing, as well as studies examining neural activation during reward tasks using fMRI, also informed the predictions for this study. Reward has been shown to improve stimulus processing and increase attention for task relevant stimuli, resulting in increased N2 and P3 amplitude in healthy adults (Goldstein et al., 2006) and in children with ADHD (Groom, Scerif, et al., 2010) . Studies have also shown that neurophysiological correlates of error processing are influenced by factors thought to alter one's motivational state (Boksem, Meijman, & Lorist, 2006; Dikman & Allen, 2000; Gehring & Willoughby, 2002; Hajcak, Moser, Yeung, & Simons, 2005; Potts, 2011) . These studies suggest that the ERN is larger when motivation is increased, such as when monetary incentives are offered for accurate performance (Boksem et al., 2006; Hajcak et al., 2005) , consistent with the claim that the ACC monitors the motivational significance of stimuli and events (Holroyd & Yeung, 2011) and with reinforcement learning theories of the ERN (Holroyd & Coles, 2002) . The impact of motivational factors on ERN or Pe amplitude has only been examined in one study involving children with ADHD (Groom et al., 2013) , despite the evidence of altered reinforcement mechanisms in ADHD (Luman et al., 2010; Tripp & Wickens, 2008) and that the ERN is influenced by reward (Sturmer, Nigbur, Schacht, & Sommer, 2011) and associated with reinforcement learning (Holroyd & Coles, 2002) . The findings from the recent Groom et al. (2013) study suggest that ERN amplitude was greatest in children with ADHD as response cost magnitude increased whereas Pe amplitude was greatest in children with ADHD as reward magnitude increased. However, this study did not include a condition without motivational incentives and immediate feedback regarding accuracy on each trial was not provided, preventing an examination of group differences in performance without incentives and responses to feedback.
Consideration of the neuroimaging literature examining activation of brain regions associated with reward processing during tasks involving reward anticipation or delivery in individuals with ADHD is also informative, with accumulating evidence of general disruption in fronto-striatal circuits in ADHD (Cubillo, Halari, Smith, Taylor, & Rubia, 2012; Durston, van Belle, & de Zeeuw, 2011) . Studies involving a reward task have reported reduced neural activation in children with ADHD in the ventral striatum during reward anticipation (Plichta et al., 2009; Scheres, Milham, Knutson, & Castellanos, 2007) , reduced reactivity of the anterior cingulate cortex to non-reward (Gatzke-Kopp et al., 2009) , increased ventral striatal response to successful versus unsuccessful outcomes (Paloyelis, Mehta, Faraone, Asherson, & Kuntsi, 2012) , and reduced activation of the orbitofrontal cortex to reward feedback (Edel et al., 2013) . These studies have primarily focused on neural activation during reward anticipation or outcome, rather than the impact of reward on neural activation during stimulus-, error-, and feedback-processing, thereby limiting the comparisons that can be made, although an atypical response to feedback (i.e., reward outcomes) is expected based on this literature.
The current study examined neurophysiological measures of stimulus-, error-and feedbackprocessing in children diagnosed with ADHD and typically developing children in the context of a cognitive task with performance-based rewards. To address the concerns from previous research, the present study includes participants within a narrow age range and diagnosed with ADHD Combined Type without comorbid internalizing problems to create a relatively homogeneous sample . We did not include children with ADHD Hyperactive/Impulsive Type, due to the low prevalence of this subtype which prevents a comparison of the two groups, or children with ADHD Inattentive Type, due to the lack of evidence for reward processing deficits in these children. Another important aspect of our study design is the use of an individualized response deadline to adjust the difficulty of the task to each participant's ability level (Groom et al., 2013; Spronk, Dumont, Verkes, & de Bruijn, 2011; van Meel et al., 2007) and increase the error rate (Potts, 2011) , thereby reducing the potential influence of group differences in task performance on ERP measures and producing enough error trials to reliably examine the ERN and FRN. This manipulation provides a cleaner interpretation of ERN amplitude, which is sensitive to error rate (Holroyd & Coles, 2002; Pailing & Segalowitz, 2004; Santesso, Segalowitz, & Schmidt, 2005) . The primary hypotheses included predictions that children with ADHD, compared to typically developing children, will exhibit (1) reduced N2, P3, ERN and Pe amplitude, (2) greater improvement in performance with reward, (3) greater increase in N2, P3, ERN and Pe amplitude with reward, and (4) an atypical response to performance feedback (FRN amplitude).
Method Participants
The study included 10-12 year-old children with a clinical diagnosis of ADHD-Combined type (n=30, 6 female) and typically developing controls (CTRL; n=25, 6 female) (see Table  1 ). Participants were recruited from a larger study on the effects of medication and motivation on cognitive performance. Recruitment methods included letters to families that have visited the University at Buffalo Center for Children and Families for research or clinical services, advertisements in local newspapers, and flyers posted in pediatrician offices and at schools. The study procedures were approved by the University at Buffalo Institutional Review Board.
Recruitment for the larger study consisted of a phone screen followed by completion and review of parent and teacher rating forms and an intake visit with the parent and child. Inclusion criteria for children in the ADHD group included the presence of at least 6 symptoms of inattention or 6 symptoms of hyperactivity/impulsivity based on the combined parent and teacher ratings on the Disruptive-Behavior Disorder Rating Scale (DBD-RS; Pelham, Gnagy, Greenslade, & Milich, 1992) and functional impairment (i.e., score of 3 or greater in at least one domain) according to the Impairment Rating Scale (IRS; Fabiano et al., 2006) . A diagnosis of ADHD-combined subtype was also required on the Diagnostic Interview Schedule for Children, 4 th edition (DISC-IV; Shaffer, Fisher, Lucas, Dulcan, & Schwab-Stone, 2000) , which was administered by research assistants who had obtained either a bachelors or masters degree in psychology after receiving training from a licensed clinical psychologist. Symptoms of oppositional defiant disorder (ODD) and conduct disorder (CD) were permissible for children in the ADHD group given the high comorbidity rates of these disorders.
In contrast, inclusion criteria for children in the control group were (1) subclinical levels of inattention (<4 symptoms), hyperactivity/impulsivity (<4 symptoms), ODD (<3 symptoms), and CD (<2 symptoms) according to the combined parent and teacher DBD ratings, (2) the absence of DSM-IV disruptive behavior disorders on the DISC-IV, and (3) no first-degree relative with ADHD (per parent report). Finally, they could not score in the clinical range (T-score > 65) on the externalizing subscale of the Child-Behavior Checklist and Teacher Report Form (CBCL or TRF; Achenbach & Rescorla, 2001) , or exhibit functional impairment according to the IRS.
Exclusion criteria for both groups included: (1) estimated IQ less than 80 based on prorated scores from the vocabulary and block design subtests from the WISC-IV (Kaplan, Fein, Kramer, Delis, & Morris, 2004; Sattler, 1992) , 1 (2) parent-reported developmental disorder (Tourette's syndrome, epilepsy, Autism or Asperger's syndrome, pervasive developmental disorder), (3) clinically elevated internalizing symptoms as indicated by a T-score > 65 on self-reported anxiety (Revised Children's Manifest Anxiety Scale, RCMAS; Gerard & Reynolds, 1999) , depression (Children's Depression Inventory, CDI; Sitarenios & Kovacs, 1999) , or parent and teacher report on the internalizing subscale for both the CBCL and TRF since internalizing psychopathology may enhance the ERN (Olvet & Hajcak, 2008; Vaidyanathan, Nelson, & Patrick, 2012; Weinberg, Luhmann, Bress, & Hajcak, 2012) , (4) current psychotropic medications other than stimulants, (5) history of traumatic brain injury and/or concussion, and (6) uncorrected auditory or visual problems. Participation in the current study occurred within 6 months from when the diagnostic information was obtained for the larger study. In addition, updated parent ratings of ADHD symptoms and impairment and child self-report ratings of anxiety and depression were obtained during the study visit to confirm diagnostic status. Parents were also asked to complete a brief measure indicating socioeconomic status.
Procedures
Eligible participants visited the lab for a single session lasting up to 3 hours consisting of the following: (1) consent/assent procedures, (2) explanation of the EEG application procedures and the behavior system, which involved earning points for following four basic behavioral rules and was established to encourage cooperation from the child throughout the visit, (3) application of the electrode cap, (4) completion of the cognitive task (including a break halfway through the task), (5) recording of resting EEG for 10 minutes, (6) completion of questionnaires and (7) spending points on preferred prizes and gift cards in a small lab "store".
Eighteen participants within the ADHD group (60%) were regularly taking a stimulant medication. Participants were asked to discontinue their medication at least 24 hours prior to the visit, as in prior work on long-acting stimulants (e.g., Ashare et al., 2010; Shiels et al., 2009; Strand et al., 2012) Most medicated children were prescribed a formulation of
), which has a half-life of approximately 3.5 hours. The average reported time since last dose for these participants was 31.5 hours (SD=8.8 hours; range = 25-52 hours) such that these children were essentially medication free at the time of testing. Amphetamine-based medications were taken by about one quarter of the medicated children (Adderall [n=3], Vyvanse [n=2]), with the average reported time since last dose as 31.5 hours (SD=0.6 hours; range = 31-32 hours). Given the elimination half-life of approximately 7-10 hours for d-and lamphetamine in children with ADHD (e.g., Greenhill et al., 2003) the vast majority of medication was also eliminated from these participants at the time of testing.
Experimental task-During the cognitive task, participants were comfortably seated in an IAC (Bronx, NY) 2.5-× 2.3-m acoustically isolated chamber. Stimuli were presented on a 43 cm CRT monitor placed ~70 cm away from the participant's face. The participant held a response box (Psychology Software Tools) with both hands with their thumbs positioned on the outermost response buttons. The experimenter sat outside of the room and constantly monitored the child via video cameras and two-way intercom.
The Eriksen Flanker Task (Eriksen & Eriksen, 1974) was programmed and presented with E-Prime 1.1. Stimulus array was five "arrows" with central target flanked by incongruent arrows pointing in the opposite direction from the central target arrow (>><>>, <<><<) or congruent trials with identical flankers (<<<<<, >>>>>). Congruent and incongruent trials were presented with equal probability in a unique pseudorandom order for each participant. Participants were instructed to respond by pressing a button indicating the direction of the central arrow. The trial structure consisted of the flanker stimulus array (150 ms), a variable interval response window (1200-1600 ms), feedback stimulus (300 ms) and a variable intertrial interval (1000-1400 ms) (see Figure 1 ).
Participants completed several practice blocks to ensure they understood the task, including a practice block (48 trials) used to determine an individualized response deadline (Spronk et al., 2011; van Meel et al., 2007) , and a reward practice (24 trials) to explain the accuracy feedback and earning points. The response deadline was determined for each individual as their mean reaction time (MRT) plus ½ of the standard deviation of their reaction time (SDRT) with a minimum deadline of 400 ms and a maximum of 800 (Potts, 2011; Spronk et al., 2011; van Meel et al., 2007) . After completing practice, the task consisted of four experimental blocks (200 trials, 10 minutes per block) that alternated between reward and no-reward conditions with the starting condition counterbalanced across participants. There was a short break between blocks, with a longer break (5-10 minutes) halfway through the task.
During the reward condition, feedback regarding response accuracy was provided for responses that occurred prior to the individualized response deadline (Figure 1 ). Correct fast responses resulted in the presentation of a green square indicating a gain of two points. For incorrect responses which occurred prior to the response deadline and omission errors, a red square indicated no points were earned. Participants could earn a maximum of 1000 points (equivalent to US$10). During the no-reward condition, participants did not receive feedback regarding accuracy. Instead, a yellow square was presented for correct and incorrect responses that occurred prior to the response deadline. During both the reward and no-reward conditions, participants received 'Too Slow!' feedback for responses exceeding their individualized deadline.
Computation of Performance Measures
Responses within 150-ms post-stimulus onset were considered invalid and were excluded from all analyses. To investigate the effect of reward on task performance, percent correct and MRT for correct responses were computed according to congruency (congruent, incongruent) and reward condition (no-reward, reward).
Electroencephalographic (EEG) Recording
The EEG was recorded using a lycra stretch cap (ECI, Eaton, OH) with electrodes placed at Fz, FCz, Cz, Pz, F3, F4, C3, C4, P3, and P4 according to the 10-20 system (Jasper, 1958) and the ground electrode positioned on the center of the forehead. Vertical electrooculographic (EOG) activity was recorded with electrodes above and below the left eye. For all channels, Ag-AgCl electrodes were used and impedance levels were kept below 10 k . Continuous EEG data was on-line referenced to left mastoid. Neuroscan SynAmps2 bioamplifiers with a gain of 10 in DC mode were used to continuously digitize (1000 Hz sampling rate) and amplify the raw EEG signal with a low-pass cut-off of 200 Hz. Using Matlab (version 7.9) EEGlab software (version7.2.9.20b), the signals were then resampled at 250 Hz, filtered at 0.5 to 30 Hz, and re-referenced to the average of both mastoids. Eye blink VEOG activity was removed from all scalp sites via a modified regression procedure based on Semlitsch, Anderer, Schuster, & Presslich (1986) .
Computation of ERP Measures
Only midline electrode sites (Fz, FCz, Cz, and Pz) were examined because the effects of interest were expected to be maximal at the midline sites (Holroyd & Coles, 2002; Johnstone & Galletta, 2012) . Epochs were created from 200 ms before to 1000 ms after the onset of the flanker and feedback stimuli and from 300 ms before to 1000 ms after the response. Average amplitude from −200 to 0 ms pre-stimulus onset and −300 to −100 ms pre-response onset served as the baseline. Epochs with deflections of greater than 100 V at any scalp site were rejected as artifact.
Processing of the primary task stimuli was examined with two flanker-locked ERPs: the frontal N2 ERP component thought to reflect conflict monitoring (Donkers & van Boxtel, 2004) , and parietal P3 component typically associated with stimulus evaluation/ categorization (Ridderinkhof & Vandermolen, 1995) . Within-subject average waveforms were created for each Reward X Congruency condition at each site. All subjects exceeded our criterion of at least 30 trials per condition and groups did not differ in the number of trials included in the average waveforms for any of the Reward X Congruency conditions (see Table 2 ). Visual inspection of the grand average waveforms collapsed across group, reward, and congruency suggested maximal N2 from 250 to 350 ms and P3 from 400-700 ms. The mean amplitude within this window was used to quantify each component. Figure 2 presents average flanker-locked waveforms for all Group X Site X Reward X Congruency conditions.
For the response-locked ERPs (ERN and Pe), within-subject average waveforms were created for each Reward X Accuracy condition. Congruency was not included as a factor due to the low number of errors on congruent trials. Only correct responses that preceded the participant's response deadline were included in the correct trials average to reduce the potential contributions of error-related activity as a result of the late response (Heldmann, Ruesseler, & Muente, 2008; Luu, Flaisch, & Tucker, 2000) . All subjects were required to have at least 6 trials included in each average (Olvet & Hajcak, 2009 ) resulting in the exclusion of one control participant due to too few errors. Control children had a greater number of correct trials included in their average for the no reward condition, but groups did not differ in the number of error trials in the average waveform (see Table 2 ). To determine the window to be used for analysis of the ERN and Pe, difference waves were created by subtracting the correct waveform from the error waveform collapsed across reward and group to provide a relatively pure measure of the brain's differential response as a function of response accuracy (Luck, 2005) . Examination of the grand average difference waves suggested ERN was maximal at frontocentral sites (Fz, FCz, Cz) from 0 to 100-ms postresponse and Pe was maximal at centroparietal sites (Cz, Pz) from 250-to 550-ms postresponse. Grand averages for Group X Site X Reward X Accuracy conditions for the response-locked ERPs are presented in Figure 3 . The mean amplitude in the respective window for the average waveform created for each reward condition was used for analysis of ERN and Pe. The Group X Reward error-minus-correct difference waves for ERN at site FCz and Pe at site Pz are presented in Figures 4a and 4b , respectively.
For the feedback-locked ERP (FRN), within-subject average waveforms were created for each Reward × Accuracy condition. Only trials with correct (green square) or error (red square) feedback during the reward condition and with neutral feedback (yellow square) during the no-reward condition were examined. Trials on which "Too Slow!" feedback was presented were excluded due to the low number of trials in this condition. Responses to neutral feedback during the no-reward condition were categorized depending on response accuracy (e.g., neutral-correct, neutral-error), although the feedback was identical regardless of response accuracy (yellow square). This allowed for a direct comparison of ERPs in response to positive and negative feedback in the reward compared to the no-reward condition while accounting for activity related to response accuracy or other factors that may vary as a function of response accuracy. All subjects were required to have at least 20 trials included in each average, resulting in the exclusion of 5 participants (3 CTRL, 2 ADHD) for the analysis of responses to feedback. Groups did not significantly differ in the number of trials included in the average waveform for each condition (Table 2) . Visual inspection of the grand average waveforms for each feedback type suggested the FRN was present at frontocentral sites (Fz, FCz, Cz) from 350 to 500 ms post-feedback onset and was measured as the mean amplitude. Figure 5 presents the average waveform for Group X Site X Reward X Accuracy conditions for the FRN.
Statistical Analysis
Repeated Measures ANOVAs were employed with Group (ADHD v. CTRL) and reward order (Order 1: reward/no-reward/reward/no-reward; Order 2: no-reward/reward/no-reward/ reward) as between-subjects factors. Due to the small number of participants in each Group X Reward Order condition, we did not have sufficient power to reliably test for a 2×2 between-subjects interaction and this interaction term was omitted from the analytical models. Within-subjects factors were site (Fz, FCz, Cz for N2, ERN, and FRN; Cz, Pz for P3 and Pe) and reward condition (no-reward, reward) for all measures. Congruency (incongruent, congruent) was also a within-subjects factor for the following measures: percent correct, MRT and flanker-locked ERPs (N2 and P3). Examination of electrode site effects was used to identify the location at which the expected effects of congruency (for N2 and P3) and accuracy (for ERN, Pe, and FRN) were maximal. Significant interactions with site beyond the potential two-way interactions with congruency and accuracy were not reported. Simple effects were used to follow-up significant interactions, and effect sizes for significant effects are reported as Cohen's d (Cohen, 1988) .
Results

Sample Characteristics
On average, children with ADHD did not differ from typically developing children on several important demographic measures, including age, sex, and race (see Table 1 ). However, children with ADHD had lower average estimated IQ, F (1, 54) = 6.3, p = .02, and family income, F (1, 54) = 7.1, p = .01, compared to the control group. The decrement in IQ in the ADHD group is commonly reported (Frazier, Demaree, & Youngstrom, 2004) and is considered to be an inherent group characteristic, suggesting that the inclusion of IQ as a covariate is inappropriate due to violations of the assumptions of ANCOVA (Miller & Chapman, 2001) and because this approach often produces overcorrected and counterintuitive findings about neurocognitive function (Dennis et al., 2009 ). However, we did run all of the analyses excluding 5 participants from the ADHD group with the lowest IQ, which eliminated the group difference in IQ (p = .15), and the pattern of results did not change although some results were slightly weaker likely due to reduced power. Consistent with group selection, the ADHD group exhibited markedly higher levels of symptoms of ADHD, ODD and CD according to parent and teacher report. However, again due to our inclusion criteria, the groups did not reliably differ in self-reported depression (CDI) or anxiety (RCMAS).
Behavioral Results
Not surprisingly, the response deadline was shorter for control participants, group F(1, 52) = 5.3, p = .03, d = 0.61. All participants had fewer "Too Slow" responses during the reward condition, reward: F(1, 52) = 19.1, p < .001, d = 0.60, but this effect did not vary by group, nor did children with ADHD have a greater percentage of responses that exceeded their individualized response deadline, group: F(1, 52) = 1.3, p = .26, and Group X Reward: F(1, 52) = 0.28, p = .60 (see Table 3 ).
Children were generally less accurate and slower on incongruent compared to congruent trials, percent correct: congruency F(1, 52) = 314.7, p < .001, d = 2.39 and MRT: congruency F(1, 52) = 31.7, p < .001, d = 0.73. The effect of congruency on accuracy and response speed did not vary by group, percent correct: Group X Congruency F(1, 52) = 1.3, p = .26, and MRT: Group X Congruency F(1, 52) = 0.26, p = .61. Accuracy and response speed improved modestly during the reward condition, percent correct: reward F(1, 52) = 6.6, p = .01, d = 0.35, and MRT: reward F(1, 52) = 4.3, p = .04, d = 0.26. Children with ADHD were more accurate during the reward compared to the no reward condition, p < . 001, whereas the control group performed similarly during the reward and no reward conditions, p = .95, Group X Reward: F(1, 52) = 6.2, p = .02, d = 0.60. Importantly, accuracy did not significantly differ between groups in either reward condition, no-reward p = .12 and reward p = .73, suggesting the response deadline effectively reduced group differences in performance (see Table 3 ).
ERP Results
Flanker-Locked ERPs: N2 and P3-As expected, N2 amplitude (250-350 ms) was greatest at Fz, site linear: F(1, 52) = 36.9, p <.001, d = 0.80, and for incongruent than congruent trials, congruency: F (1, 52) = 11.3, p = .001, d = 0.45. The effect of congruency was similar across sites, Site linear X Congruency, F(1, 52) = 0.57, p = .46. Groups did not differ in N2 amplitude, group: F(1, 52) = 0.45, p = .50 and Group X Congruency: F(1, 52) = 0.13, p = .72 (see Figure 6a ). Rewards did not significantly impact N2 amplitude, reward: F(1, 52) = 2.0, p =.16, Reward X Congruency: F(1, 52) = 0.03, p =.87, and Group X Reward: F(1, 52) = 0.41, p =.52. P3 amplitude (400-700 ms) was greatest at Pz, site: F (1, 52) = 25.0, p < .001, d = 0.70. As expected, overall P3 amplitude was reduced in children with ADHD, group: F(1, 52) = 4.7, p = .04, d = 0.56. In addition, P3 was larger for incongruent compared to congruent stimuli, congruency: F (1, 52) = 9.8, p = .003, d = 0.39, but only for the control group, Group X Congruency: F(1, 52) = 4.4, p = .04, d = 0.56 (see Figure 6b ). Moreover, P3 amplitude was enhanced during the reward condition, reward: F(1, 52) = 23.5, p < .001, d = 0.64. The effect of reward was greatest for incongruent stimuli, Reward X Congruency: F (1, 52) = 7.5, p =.008. A differential effect of reward on P3 amplitude for children with ADHD was not observed, Group X Reward: F (1, 52) = 1.4, p =.24 and Group X Reward X Congruency: F (1, 52) = 1.8, p = .19.
Response-Locked ERPs: ERN and Pe-Error responses resulted a greater responserelated negativity than did correct responses for the ERN (0-100 ms), accuracy: F (1, 51) = 62.2, p < .001, d = 1.0. The ERN (i.e., difference between error and correct amplitude) was greatest at FCz, Site quadratic X Accuracy: F(1, 51) = 20.6, p < .001, d = 0.19. As expected, ERN was reduced in the ADHD group compared to controls, Group X Accuracy: F(1, 51) = 4.6 p = .04, d = 0.60 (see Figure 7a ). Contrary to our predictions, the ERN was not influenced by reward, Reward X Accuracy: F(1, 51) = 0.17 p = .68 and Group X Reward X Accuracy: F(1, 51) = 0.10 p = .75.
Error responses also resulted in a greater response-related negativity than did correct responses for the Pe (250-550ms), accuracy: F (1, 52) = 108.1, p < .001, d = 1.4. The Pe was greatest at Pz, Site X Accuracy: F (1, 51) = 29.8, p < .001, d = 0.47. Consistent with predictions, Pe tended to be reduced in the ADHD group compared to controls, Group X Accuracy: F (1, 51) = 3.2, p =.08, d = 0.48. In addition, Pe was significantly enhanced by reward, Reward X Accuracy: F (1, 51) = 7.3, p = .009, d = 0.36. However, this effect tended to vary by group such that only children with ADHD showed a significant increase in Pe amplitude with reward (p = .002), whereas controls did not (p =.50), Group X Reward X Accuracy: F(1, 51) = 2.8, p=.10, d = 0.45 (see Figure 7b ). Analysis of the mean amplitude of the error-correct difference wave indicated that Pe amplitude was reduced in children with ADHD compared to controls during the no-reward condition (ADHD v. CTRL difference = 4.5 V, p = .03, d = 0.58), but not in the presence of reward (ADHD v. CTRL difference = 1.8 V, p = .34, d = 0.27).
Feedback-locked ERP: FRN-Responses to feedback as reflected in the FRN (350-500 ms) was greater on error trials, accuracy: F (1, 47) = 4.0, p = .05, d = 0.28. Differences in response to feedback on error versus correct trials varied by electrode site, with the largest difference observed at Cz , Site linear X Accuracy: F(1, 47) = 11.2, p = .002, d = 0.46. Surprisingly, the FRN to positive versus negative feedback during the reward condition did not differ from the 'FRN' to neutral feedback (i.e., identical yellow squares) provided for correct versus error responses, Reward X Accuracy: F(1, 47) = 2.1, p = .16, and Group X Reward X Accuracy: F(1, 47) = 1.1, p = .30 (see Figure 8 ).
Discussion
To improve our understanding of how reward impacts the performance of children with ADHD, we examined the impact of reward on behavioral and neurophysiological correlates associated with processing of the primary task (flanker) stimuli, errors, and feedback within the context of a similar level of task performance between groups. We expected children with ADHD, compared to typically developing children, to exhibit (1) reduced ERP responses to the flanker stimuli (N2 and P3) and errors (ERN and Pe), (2) greater improvement in performance with reward, (3) greater increase in ERP responses to the flanker stimuli (N2 and P3) and errors (ERN and Pe) with reward, and (4) an atypical ERP response to performance feedback (FRN). The results suggest that children with ADHD exhibited reduced processing of the flanker stimuli as reflected in P3 amplitude (but not N2), and reduced error-processing as reflected in both ERN and Pe amplitude. Responses to feedback did not differ between groups in either the reward or the no-reward condition. Performance-based rewards enhanced P3 amplitude to the flanker stimuli and Pe amplitude after making an error. However, the increase in Pe amplitude with reward was only observed in children with ADHD, such that performance-based rewards eliminated group differences in Pe amplitude that were present during the no-reward condition. Surprisingly, the ERP response to positive versus negative feedback during the reward condition did not differ from the ERP response to the neutral feedback (i.e., identical yellow squares) provided for correct versus error responses during the no-reward condition. Although our results suggest the FRN was larger to both negative and neutral feedback provided after making an error, our prediction that the FRN would be heightened for negative feedback during the reward condition (indicating that an error was made and points were not earned) compared to neutral, uninformative feedback was not supported. Further consideration of each component of information processing examined during this task is provided below.
Stimulus Processing
Information processing during the flanker task began with processing of the primary task stimuli (i.e., the flanker stimulus). Examination of behavioral (accuracy and RT) and physiological (N2 and P3) measures of stimulus processing suggested that there was a strong effect of stimulus congruency. Participants were less accurate and slower on incongruent compared to congruent trials. Similarly, the flanker-locked N2, thought to reflect conflict monitoring (Donkers & van Boxtel, 2004) , and flanker-locked P3, which is typically associated with stimulus evaluation/categorization (Ridderinkhof & Vandermolen, 1995) were enhanced for incongruent compared to congruent trials. These findings are consistent with the interpretation that incongruent flanker stimuli caused significant conflict, resulting in the need for greater interference control to execute a correct response (e.g., Crone et al., 2003) .
Consistent with previous research, children with ADHD may have experienced greater difficulty processing incongruent compared to congruent stimuli as reflected in reduced P3 amplitude (e.g., Johnstone et al., 2009; Jonkman et al., 1999) , such that a differential P3 response for incongruent compared to congruent stimuli was not observed in children with ADHD whereas controls demonstrated this effect. However, group differences in N2 amplitude were not observed, suggesting that early conflict detection for children with ADHD was comparable to that of control children. One plausible explanation for this is the inclusion of an individualized response deadline, which adjusted the difficulty of the task to each child's ability level. This task manipulation likely attenuated group differences in the effect of congruency for group differences in behavioral measures (i.e., accuracy and response speed) and early conflict detection, whereas processing of the primary task stimuli (i.e., P3) remained sensitive to ADHD.
We expected that reward would improve stimulus processing and increase attention for task relevant stimuli resulting in faster and more accurate responses (Crone et al., 2003) and increased N2 and P3 amplitude (e.g., Groom, Scerif, et al., 2010) . In addition, reward was hypothesized to exert greater effects for children with ADHD given the motivational deficits associated with this disorder. Consistent with this prediction, reward improved accuracy for children with ADHD but not for typically developing children, although the performance did not significantly differ between groups in either reward condition. Reward did not significantly impact N2 amplitude, whereas P3 amplitude increased with reward consistent with prior research (Goldstein et al., 2006) . However, the increase in P3 amplitude with reward was similar for ADHD and control participants, suggesting it did not have a differential impact on stimulus processing for children with ADHD. In addition, the impact of rewards on P3 amplitude was greatest for incongruent stimuli which required more effortful processing than congruent stimuli, suggesting that reward may selectively impact processes which require effortful control of attention (see Ashare et al., 2010 , for similar results with stimulant medication; Sarter, Gehring, & Kozak, 2006) . In sum, performancebased rewards did not differentially impact processing of the primary task stimuli in children with ADHD, although improved processing of the flanker stimuli was observed across groups.
Error Processing
Our hypotheses that children with ADHD would exhibit reduced ERN and Pe amplitude, thought to reflect deficient early error detection and conscious error evaluation, were both supported in the current study. These findings are particularly important given the inconsistencies in the ERN literature for children with ADHD , suggesting that contextual factors and task parameters should be considered when interpreting the results of the current study in relation to the existing error-processing in ADHD literature which has produced inconsistent results, particularly for ERN. The sample included in this study was relatively large and selective, limiting children in the ADHD group to those with the combined subtype, excluding children for comorbid internalizing psychopathology, carefully selecting control participants, and restricting participants to a small age range. Although these criteria limit the generalizability of the results, they enhance the internal validity of the study. In addition, the task was designed in consideration of factors that may influence motivation and self-regulation in ADHD (e.g., time on task, task difficulty, reward manipulation, event rate). Therefore, these results may suggest that ERN and Pe amplitude is diminished among ADHD participants when task and sample characteristics are carefully considered, and they are more broadly consistent with the hypothesis that the ERN is an endophenotype for externalizing proneness (Nelson, Patrick, & Bernat, 2010) .
In addition to the predicted group differences in ERN and Pe amplitude, we also hypothesized that performance-based rewards would improve error processing, thereby enhancing ERN and Pe amplitude, and that the impact of reward would be strongest for children with ADHD. This hypothesis is based in part on the error-processing literature, which has fairly consistently shown that motivational factors influence ERN amplitude (Boksem et al., 2006; Groom et al., 2013; Hajcak et al., 2005; Pailing & Segalowitz, 2004) and the ADHD literature that has shown improved behavior and cognitive task performance with reward (see reviews by Luman et al., 2005; Luman et al., 2010; e.g., Shiels et al., 2008; Strand et al., 2012) . Therefore, it was surprising to see that rewards did not significantly increase ERN amplitude for either group of children, and this does not appear to be an issue of insufficient power because the means were in the opposite direction for the ADHD group. This finding is in contrast to the results of a recent study reporting increased ERN amplitude in children with ADHD as the magnitude of the motivational incentive increased (Groom et al., 2013) , In that study, the ERN was largest in children with ADHD when errors resulted in response cost (i.e., lose 5 points for failed inhibitions), suggesting that modulation of the ERN in children with ADHD may depend on the incentive structure. In addition, immediate feedback was not provided in the Groom et al. study and the type of error differed (inhibition versus discrimination errors), which may have impacted ERN amplitude. The failure to find an effect of reward, specifically failure to obtain a reward when an error was made, on ERN amplitude is consistent with evidence of reduced activation of the anterior cingulate cortex (ACC), the neural generator of the ERN, during omission of expected reward (Gatzke-Kopp et al., 2009 ) suggesting dysfunction of the ACC within a reward context. However, the finding that reward did not impact ERN amplitude in either group of children may suggest that earlier error detection is less influenced by motivational factors in children as this ability is still developing, whereas the Pe is relatively stable by this age (Davies, Segalowitz, & Gavin, 2004) . Interestingly, rewards did increase Pe amplitude in children with ADHD, suggesting a differential effect of reward on conscious error evaluation and consistent with previous research (Groom et al., 2013) . Integration of the results across our study and Groom et al. (2013) suggests that the ERN and Pe may be differentially sensitive to reward and response cost in children with ADHD. This may be related to evidence that neural generator of these error processing components differs in terms of the specific region of the ACC, with the ERN localized to the caudal ACC and Pe to the rostral ACC (van Veen & Carter, 2002) . Conceptually, it may be that children with ADHD allocated greater attentional resources to error processing during the reward condition because the errors were more significant and meaningful to them, as they were associated with not earning points. In sum, during a difficult task rewards may improve performance through increased error awareness, whereas rewards do not impact early error detection. The impact of rewards on conscious error evaluation may in turn improve processing of the primary task stimuli on the subsequent trial or lead to adaptive adjustments in responding.
Feedback Processing
This is the first study to examine ERPs associated with feedback processing in children during a standard cognitive task, as opposed to a guessing or gambling task, which enables participants to monitor the accuracy of their response while they are pressing the button (ERN and Pe) and when feedback is provided (FRN). During a guessing or gambling task, the participant is unable to independently determine whether their response is correct until feedback is provided, preventing simultaneous examination of the ERN/Pe and the FRN. The system that produces the FRN is thought to be differentially sensitive to positive and negative feedback reflecting classification of outcomes into those that indicate a goal has been satisfied and those that do not (Holroyd, Hajcak, & Larsen, 2006) and is larger for immediate feedback . Thus, if an error was not detected before feedback was provided, the response to negative feedback would be heightened because the feedback received was worse than expected (Bismark et al., 2013) . In the current study, the FRN was examined in response to error and correct feedback during a condition with performance-based rewards in comparison to a condition in which rewards could not be earned and an identical neutral stimulus was presented for error and correct trials. This allowed for a direct comparison of responses to feedback while accounting for differences that may emerge as a result of response accuracy (i.e., whether FRN differs in response to an identical stimulus that was presented following error versus correct responses). Contrary to our prediction and to the existing neuroimaging literature suggesting abnormal neural activation in response to reward outcomes (e.g., Gatzke-Kopp et al., 2009; Paloyelis et al., 2012) , children with ADHD displayed a similar neural response to negative and positive feedback during the reward condition as typically developing children. In addition, we expected the FRN in response to identical neutral feedback during the no-reward condition would not differ for error versus correct trials nor would group differences emerge. However, the response to neutral feedback during the no-reward condition was different for error and correct responses, despite the use of identical feedback for error and correct trials (yellow square).
The findings for feedback processing raise several intriguing questions, particularly because comparisons to the available literature are limited due to the novel task design. Specifically, the explicit stimulus-response mappings provided during a flanker task (i.e., press right if central arrow points right) allows participants to perfectly predict the feedback they will receive if they are monitoring the accuracy of their response. It is important to make this distinction from the probabilistic or maze-learning tasks that have previously been used to examine the FRN in children with ADHD, during which participants are unable to determine the accuracy of their response until they learn the associations and are therefore more dependent on feedback for performance monitoring. The most surprising result is that there was a differential response to identical neutral feedback depending on whether the participant's response was correct. The pattern of results suggests that neural activity related to making an error may have impacted processing of the feedback stimuli. The FRN is often examined within the context of a probabilistic learning or gambling task, in which the proportion of positive and negative feedback can be controlled and is often equivalent (Holroyd et al., 2008) . In this study, we were interested in how children responded to feedback during a task which allowed them to accurately predict the feedback depending on their response. Thus, there were fewer error trials than correct trials, which may have impacted FRN amplitude. The failure to find a differential response to feedback among children with ADHD during the reward condition may be due to the impact of reward on error awareness (Pe), such that children were aware that they made an error prior to the feedback being provided because they engaged in greater self-monitoring of their response. Therefore the feedback was redundant and consistent with their expectations. The inclusion of a condition in which children receive immediate feedback but are not rewarded may disentangle the effect of the information provided by feedback and the associated reward, providing clarification of these results. Furthermore, the results of this study suggest there is a need for additional research on the FRN in tasks such as this in order to understand how individuals respond to feedback when the task permits independent identification of errors and correct responses through intact self-monitoring.
Conclusions
The current study examined the influence of reward on neurophysiological correlates of stimulus, error and feedback processing in children with and without ADHD. Consistent with motivational models of ADHD, immediate reward resulted in greater improvement in performance accuracy in children with ADHD compared to typically developing controls. Importantly, the individualized response deadline also minimized group differences in performance allowing for a cleaner interpretation of the ERPs associated with information processing during this task. The results suggest that children with ADHD exhibited reduced processing of the stimulus, as well as deficient early error detection, and conscious error evaluation, whereas their response to feedback was similar to that of controls. Furthermore, rewards enhanced ERPs associated with processing of the primary task stimuli (P3) and conscious error evaluation (Pe), with the latter effect being greatest for children with ADHD. Thus, rewards may enhance conscious error evaluation or the subjective salience of making errors, among children with ADHD. This heightened error awareness may in turn indicate the need for an adjustment of response strategies to improve performance on a subsequent trial, including enhanced attention to the primary task stimuli. In addition, the current paradigm and associated results may inform future research aimed at characterizing the altered reward mechanisms observed in children with ADHD (Sagvolden et al., 2005; Tripp & Wickens, 2008) . Specifically, examining the impact of variations in the consistency of reward delivery and magnitude on ERN and Pe amplitude in particular may inform selfmonitoring theories. The integration of paradigms such as this with neuroimaging methodology will also inform our understanding of 'where' in addition to 'when' in the information processing chain reward influences performance. Finally, extension of these results into the clinical realm may elucidate the mechanisms by which reward improves the behavior of children with ADHD, as evident in the effectiveness of behavior modification treatment (Pelham & Fabiano, 2008) .
Figure 1. Task Structure
The task included reward and no-reward conditions, each of which consisted of 2 blocks with 200 trials per block and a short break in between. During the reward condition, a red box appeared when an error occurred indicating no points were earned on the trial and a green box appeared for a correct response indicating 2 points were earned on the trial. During the no reward condition, a yellow box appeared regardless of the accuracy of the response and no points could be earned during the no reward condition. During both conditions, the words 'Too Slow!' appeared on the screen if the participant's response exceeded their individualized response deadline indicating that no points were earned. The timing of each component of the trial was identical across conditions: (a) stimulus (150 ms), (b) variable blank response screen (1200-1600 ms), (c) feedback (300 ms), and (d) variable ITI (1000-1400 ms).
Figure 2. Grand average waveforms for flanker-locked ERPs: N2 and P3
Grand average waveforms for each Reward X Congruency condition time-locked to the onset of the flanker stimulus for the ADHD (left) and Control (right) groups at Fz, FCz, Cz and Pz. The boxes reflect the window selected to calculate mean amplitude for each component (N2 and P3). Grand average waveforms for each Reward X Accuracy condition time-locked to the onset of the feedback stimuli (i.e., green square for reward/correct, red square for reward/error, yellow square for no reward/correct and error) for the ADHD (left) CTRL (right) groups at Fz, FCz, Cz and Pz. The boxes reflect the window selected to calculate mean amplitude for the FRN. Mean amplitude of the error-correct difference wave for each Group X Reward condition for the response-locked ERPs: ERN (a) and Pe (b). Mean amplitude for each Group X Reward X Accuracy condition for the feedback-locked ERP: FRN. a Combined parent and teacher ratings on the DBD Rating Scale, mean (SD) and range of total number of items rated as "pretty much" or "very much" by either the parent or the teacher, indicating a symptom was present. Table 3 Group differences on behavioral measures of performance.
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